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increase almost 200% by 2050 from 2010 levels reaching 6000 million tons/year. According to the ERMCO 2011 statistics [5] , concrete ready-mixed class production lies essentially between C25/ 30 and C30/37. Additionally, only 11% of the concrete production corresponds to the HPC strength class target. Since ERMCO 2001 statistics [6] showed a 10% figure for this type of concrete, this means that high strength concrete demand remains unchanged at least in the last decade. Normal-strength class concrete means less durable concrete structures which, in turn, require frequent maintenance and conservation operations or even its entire replacement (associated with the consumption of additional raw materials and energy). Besides many of the degraded concrete structures were built decades ago, when little attention was given to durability issues [7] . It is then no surprise to find out that worldwide concrete infrastructure rehabilitation costs are staggering. For example, in the USA about 27% of all highway bridges are in need of repair or replacement. Plus, the corrosion deterioration cost due to deicing and sea salt effects is estimated at over 150 billion dollars [8] . In the European Union nearly 84,000 reinforced and prestressed concrete bridges require maintenance, repair and strengthening resulting in an annual budget of £215M, being that this estimate does not include traffic management cost [9] . Beyond the durability problems originated by imperfect concrete placement and curing operations, the real issue of ordinary Portland cement concrete (OPC) durability is related to the intrinsic properties of that material. In effect, it presents a higher permeability which in turn, allows water and other aggressive elements to enter, leading to carbonation and chloride ion attack ultimately resulting in corrosion problems [10, 11] . The importance of durability, in the context of construction and building materials eco-efficiency has been rightly put by Mora [12] . This author stated that increasing concrete durability from 50 to 500 years would mean a reduction of its environmental impact by a factor of 10. It is also worth noticing that, according to Hegger et al. [13] , the increase of compressive strength in concrete would mean a reduction in reinforced steel amount by as much as 50%. These are crucial issues in the materials efficiency agenda [14, 15] , highlighting the need for investigations that may allow for high mechanical strength and high durability concretes. Nanotechnology involves the study at microcospic scale (1 nm = 1 Â 10 À9 m). Indeed some estimates predict that products and services related to nanotechnology could reach 1,000,000 million euro/year beyond 2015 [16] .
The use of nanoparticles to increase the strength and durability of cimentitious composites was already predicted by the report RI-LEM TC 197-NCM, ''Nanotechnology in construction materials'' [17] , to be a research area with high nanotech potential. And in fact, since then, several dozen SCI papers have been published on that field. However, the majority of those publications where authored by materials science investigators, these show a high concern on the materials performance but with a weak focus on civil engineering short term commercial applications. For instance the ''bottom-up'' multiscale modeling approach [18] , could be an excellent strategy that ''has been spectacularly successful in fields ranging from metallurgy to medicine'' [19] but, unfortunately, relies on tools that ''that require years of training and considerable computational expense to operate'', both of which not traditionally associated with the construction industry. The importance of the present review relates to the need to redirect future investigations on this field to a precise target that could serve a clear civil engineering short term goal such as HPC production.
Concrete with nanoparticles
The production of nanoparticles can be obtained either through a high milling energy [20] or by chemical synthesis [21] .
Nanoparticles have a high surface area to volume ratio ( Fig. 1) providing high chemical high reactivity. Most investigations use nanosilica (nano-SiO 2 ), and nano-titanium oxide (nano-TiO 2 ) while a few use nano-Fe 2 O 3 [22] .
Mechanical properties
Porro et al. [23] mentioned that the use of nano-silica particles increases the compression strength of cement pastes. The same authors state that this phenomenon is not due to the pozzolanic reaction, because calcium hydroxide consumption was very low but, instead, to the increase of silica compounds that, in turn, contributes to a denser microstructure. According to Lin et al. [24] , the use of nanosilica on sludge/fly ash mortars, compensates the negative effects associated to sludge incorporation in terms of setting time and initial strength. Sobolev et al. [25] reported that nanosilica addition led to an increase of strength by 15-20%. Other authors [26, 27] believe that nanosilica leads to an increase of the C-S-H chain dimension and also C-S-H stiffness. Moreover, Nasibulin et al. [28] reported an increase in strength by two times. Chaipanich et al. [29] mentioned that 1% of carbon nanotubes (by binder mass) can compensate the strength reduction associated with the replacement of 20% fly ash. Konsta-Gdoutos et al. [30] also studied the effect of carbon nanotubes on cement pastes (0.08% by binder mass) observing an increase in strength. Other authors [31] used ZnO 2 nano-particles with the average particle size of 15 nm reporting an improvement in the flexural strength of self-compacting concrete up to 4 wt.%. Increasing nano-particles content caused a reduction in the flexural strength because of unsuitable dispersion of nanoparticles in the concrete matrix. Givi et al. [32] studied the effects of different particle size of nano-SiO 2 (15 and 80 nm) reporting that the optimal replacement level of nano-SiO 2 particles were gained at 1.0% and 1.5%, respectively. Basically the effect of nanoparticles addition is threefold:
1. Since the average diameter of C-S-H gel is approximately 10 nm the nano-particles can fill the voids of the CHS structure leading to a denser concrete. 2. The nano-particles act as nucleation centers, contributing to the development of the hydration of Portland cement. 3. Nano-particles react with Ca(OH) 2 crystals producing C-S-H gel. Besides the nano-particles act as kernels in the cement paste which makes the size of Ca(OH) 2 crystal smaller.
Durability
Investigations carried out by Ji [33] showed that concrete containing nano-silica particles show lower water permeability. The explanation has to do with the reduction of the amount of Ca(OH) 2 Fig. 1 . Particle size and specific surface area related to concrete materials [22] .
leading to a denser ITZ. The reduction of the chloride ion permeability when using 1% of nanoparticles per cement mass was reported by others [34] . Other authors [35] showed that nanoparticles are more favorable to the abrasion resistance of concrete than PP fibers. They also added that the abrasion resistance of concrete containing nano-particles decreases with nano-particles and that the abrasion resistance of concrete containing nano-TiO 2 is better than that containing the same amount of nano-SiO 2 .Chen and Lin [36] used nano-silica particles to improve the performance of sludge/clay mixtures for tile production. The results show that nanoparticles improved the reduction of water absorption and led to an increase of abrasion and impact strength. A reduction in the water absorption was reported by others [37] . Ozyildirim and Zegetosky [38] used 4% of nano-Fe 2 O 3 per cement mass also reporting a reduction in the concrete permeability. A reduction on concrete permeability was also reported for concrete with 45% Portland cement replacement by GGBFS containing 4% of nano-TiO 2 per cement mass [39] . Shekari and Razzaghi [40] compared the mechanical performance and the durability of concretes containing 1.5% of different nanoparticles (nano-ZrO 2 , nano-TiO 2 , Fig. 2 . Compressive strength of HPSCC samples with binder contents of (a) 400, (b) 450 and (c) 500 [41] .
nano-Al 2 O 3 , nano-Fe 3 O 4 ) concluding that the nano-Al 2 O 3 is the most effective. Nevertheless, no explanation was put forward to explain this fact. Other authors [41] study concrete performance with replacement of Portland cement by up to 2% nano-Al 2 O 3, with average particle size of 15 nm, reporting that the optimum level of nano-Al 2 O 3 particles content was achieved at 1.0%. Jalal et al. [42] showed that concretes using 2% SiO 2 nanoparticles underperform when compared to concretes with 2% SiO 2 nanoparticles plus 10% micro silica, this composition has in fact, an enhanced effect on mechanical strength (Fig. 2) as well as on durability, which is assessed by water absorption, capillary water absorption, Cl ion percentage and resistivity (Fig. 3) . According to Zhang and Li [43] , the pore structure of concretes containing nano-TiO 2 is finer than that of concretes containing the same amount of nano-SiO 2 . The resistance to chloride penetration of concretes containing nano-TiO 2 is higher than that of concretes containing the same amount of nano-SiO 2 . The explanation for that relies on the fact that the particle diameter of nano-SiO 2 is smaller than that of nano-TiO 2 , and the specific surface area of nano-SiO 2 is much larger than that of nano-TiO 2 , so that the water demand of concrete containing nano-SiO 2 is more than that of concrete containing the same amount of nano-TiO 2 . The referred authors also reported that the pore structure refinement increases with the content of nano-particles (5 < 3 < 1%) and also that the chloride penetration decreases with the content of nano-particles (5 < 3 < 1%). These results partially confirm the ones already obtained by Li et al. [35] . In their view with the increasing content of nano-particles, the refinement of pore structure of concrete is weakening. This can be attributed to that the distance between nano-particles decreases with the increasing content of nano-particles, and Ca(OH) 2 crystal cannot grow up enough due to limited space and the crystal quantity is decreased, which causes the ratio of crystal to C-S-H gel to become small and the shrinkage and creep of cement matrix to increase, thus the pore structure of cement matrix is coarser relatively [43] .
Calcium leaching control
High durability concrete encompasses the reduction of calcium leaching. This degradation process consists in the progressive dissolution of the cement paste by the migration of calcium atoms to the aggressive solution. The different cement paste phases have different degradation rates. While Portlandite dissolves completely in the aggressive solution, the CSH gel solely undergoes a slight porosity increase [44] [45] [46] [47] . Calcium leaching is responsible for an increase in concrete porosity and, consequently, increased permeability; this allows water and other aggressive elements to enter concrete, leading to carbonation and corrosion problems. Gaitero et al. [48] studied the influence of silica nano-particles on the calcium leaching reduction. Mixtures containing 6% (by weight of cement) of four different types of commercial silica nanoparticles (Table 1) were used. Fig. 4 shows that the addition of silica nanoparticles to the cement paste favours the growth of the silicate chains, increasing their average length and longer chains correspond to more stable C-S-H. The authors concluded that the addition of nano-silica to cement-based materials can control C-S-H degradation induced by Ca-leaching. However, the beneficial effects depend on the presentation of the nanoparticles. Colloidal dispersions were much more effective reducing the effects of the degradation than the dry ones.
The problem of efficient dispersion of nanoparticles
The most significant issue for nanoparticles is that of effective dispersion. Veras-Agulho et al. [49] states that the use of All the colloids were dispersed in water being the amount of the stabilizing agents <0.1 wt.%. Si MAS-NMR spectra [48] .
nanoparticles is responsible for a higher hydration degree of cementitious compounds as long as higher nanoparticles dispersion can be achieved. Other authors [32] mentioned that to contribute to a proper dispersion of nano-SiO 2 particles, they were stirred with some of the mixing water at high speed (120 rpm) for 1 min and then added to the mixture. Zhang and Li [43] used a water-reducing agent (UNF-5, one kind of b-naphthalene sulfonic acid and formaldehyde condensates) to aid the dispersion of nanoparticles in cement paste and achieve good workability of concrete. Also, a defoamer (tributyl phosphate) was used to decrease the amount of air bubbles. To prepare the concrete containing nanoparticles, a water-reducing agent was firstly mixed into water in a mortar mixer, then, nano-particles were added and stirred at a high speed for 5 min. Later, the defoamer was added as stirring. After this, the cement, sand and coarse aggregate were mixed at a low speed for 2 min in a concrete centrifugal blender, and then the mixture of water, water-reducing agent, nano-particles and defoamer was slowly poured in and stirred at low speed for another 2 min to achieve good workability. The dispersion problem also occurs when carbon nanotubes/carbon nanofibers are used due to their high strong Van der Waals self-attraction [50] . Sanchez and Ince [51] confirm that the Van der Waals forces held the carbon nanofibers together as clumps (Fig. 5 ). These authors found that silica fume facilitated carbon nanofibers dispersion due to its small particle size when compared to that of anhydrous cement particles (ca. 100 times smaller).
Conclusions
The literature review about nanoparticles contribution for HPC shows that: (a) Nanoparticles allows for a dramatic increase in the mechanical strength of cementitious composites. The mechanisms are as follows: 1. They can fill the voids of the CHS structure leading to a denser concrete. 2. They act as nucleation centers, contributing to the development of the hydration of Portland cement. 3. They react with Ca(OH) 2 crystals producing C-S-H gel.
Besides the nano-particles act as kernels in the cement paste which makes the size of Ca(OH) 2 crystal smaller. (b) The optimal percentage of nanoparticles depends on their type and also on their average dimension. (c) Further investigations are needed in order to find out which nano-particles are most effective for enhanced concrete durability. (d) Nano-silica seems to be able to control calcium leaching.
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